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Abstract

This paper describes analysis and test results obtained at Langley Research Cen-
ter (LaRC) on a doubly curved test-bed support truss for precision reflector applica-
tions. Descriptions of test procedures and experimental results that expand upon
previous investigations are presented. A brief description of the truss is given, and
finite-element-analysis models are described. Static-load and vibration test proce-
dures are discussed, and experimental results are shown to be repeatable and in gen-
erally good agreement with linear finite-element predictions. Truss structural
performance (as determined by static deflection and vibration testing) is shown to be
predictable and very close to linear. Vibration test results presented herein confirm
that an anomalous mode observed during initial testing was due to the flexibility of
the truss support system. Photogrammetric surveys with two 131-in. reference scales
show that the root-mean-square (rms) truss-surface accuracy is about 0.0025 in.
Photogrammetric measurements also indicate that the truss coefficient of thermal
expansion (CTE) is in good agreement with that predicted by analysis. A detailed
description of the photogrammetric procedures is included as an appendix.

Introduction (3) to obtain more accurate photogrammetric surface-
accuracy measurements, and (4)to measure the truss
An objective of the NASA Precision Segmented coefficient of thermal expansion. Although this paper is
Reflector (PSR) program has been to develop tech-largely self-contained, it can be considered a continua-
niques for design, testing, fabrication, and assemblytion of reference 1. Hence, the results presented are, for
of orbiting instruments that will be used for both astro- purposes of comparison, sometimes related to those pre-
physical and Earth observations. Applications for such sented previously. Some additional details related to the
instruments include submillimeter astronomical observa- analysis models and test methods are included in this
tories (fig. 1), microwave radiometers, and communica- paper. Table 1 lists the tests that are discussed in the
tions antennas. These instruments generally requirepresent paper and indicates those tests that were first pre-
extremely accurate surfaces for operation at near-opticakented in reference 1.

wavelengths. . . . . .
This report begins with a brief description of the

A common requirement for space-based observato-truss, including its geometry and component parts, after
ries (reflectors) is an accurate, stiff, lightweight support Which finite-element models that are used to analyze the
structure; therefore, in the PSR program, considerabletruss are described. Static-load and vibration test results
effort has been devoted to the design, fabrication, andare presented and compared with analytical predictions.
testing of a 13-ft-diameter (4-m-diameter) test-bed truss.Also presented are the results of photogrammetric
The truss, designed for on-orbit astronaut assembly, has ésurface-accuracy) surveys conducted at three ambient
doubly curved geometry to accommodate an assemblagéemperatures. The first of these surveys, in which a single
of parabolic reflector panels. A major goal of the PSR 75-in-long reference scale was used, was reported in
program was the fabrication of a truss that would exhibit reference 1. In the remaining two surveys, reported for
linear, predictable structural behavior, and highly accu- the first time in this paper, two 131-in-long scales were

rate surface node placement without postassemblyused. The photogrammetric survey results are also used
adjustment. to determine an average coefficient of thermal expansion

(CTE) of the truss. The effect of modeling uncertainties

Details of the design and fabrication of the erectable on the interpretation of the photogrammetric results is
truss are presented in reference 1, along with an evaluaalso considered.
tion of static and dynamic performance and comparisons
with analytical predictions. This paper contains the Symbols and Abbreviations
results of additional testing and analysis of the truss, ) )
which was conducted for the following purposes: (1) to PCDT  direct-current displacement transducer
obtain a more detailed characterization of truss static perg modulus of elasticity, psi
formance (including truss deflection and member strains
under static loading), (2) to investigate anomalous vibra-
tion results that were previously reported in reference 1,MAC modal assurance criterion

extensional stiffness, |b



PSR precision segmented reflector blies to prescribed lengths are contained in reference 1

and are not repeated here.
rms root mean square P

T temperatureSF Several tests have been performed at Langley
Research Center (LaRC) to determine the stiffness prop-

X, Y,Z  rectangular Cartesian truss coordinates erties of the individual components that make up each

XY photogrammetric image coordinates strut assembly (ref. 1). These tests determine the axial
and bending stiffnesses of a typical joint-node combina-
Truss Description tion and of the tubular struts. The joint-node axial stiff-

ness was determined by testing two joints and one node

The truss structure is shown in figures 2(a) and 2(b).that are acting in series. (See ref. 1.) Figure 4 shows
The truss has a tetrahedral geometry and consists ofoad-displacement test results for a typical joint-node
150 graphite-epoxy tubular struts connected at 45 alumi-specimen and for a tubular strut. In both cases, the load-
num nodes. The total mass of the truss structure isdisplacement behavior is essentially linear. The exten-
189 Ibm. The tubular struts have an outer diameter ofsional stiffness (Madulus Area) of the joint-node
1.0 in. (different line widths are used in fig. 2(b) for clar- assemblies i4.9 x 18 Ib, and the extensional modulus
ity) and are composed of 12 plies of T300/5208 graphite-of the individual struts is16.9x 16 psi. These exten-
epoxy material in &10° lay-up. The distance between sional properties, along with the other component prop-
node centers ranges from 30.37in. to 31.73in. for erties listed in table 2, were used to formulate finite-
concave-surface struts and from 34.53 in. to 36.09 in. forelement models for truss analysis.
convex-surface struts. All core struts have a length (mea-
sured between node centers) of 32.03in. In planform .
view, the truss has a maximum diameter of 153.9 in. Truss Analysis Models

The concave-surface nodal locations are prescribed ~ Reference 1 describes three finite-element models
to accommodate a center-fed parabolic reflector with athat were used to analyze the truss. The simplest of these
focal length of 94.5in. (2.4 m). The truss is fabricated models used one extensional element (axial stiffness
such that all concave-surface node centers are 5.91 inohly) to connect two grid points that were located at the
(15 cm) along a surface normal behind the required paraifuss node centers. To account fo_r_the aIumlnum_JO|r_1ts
bolic surface. Thus, unlike the required reflector surface,@nd nodes in the truss, each strut-joint-node combination
the node centers are not intended to lie in a parabolic surwas modeled as a single element with an effective axial
face. As was done in reference 2, it is possible to deter-stiffness and effective coefficient of thermal expansion
mine a paraboloid that best fits, in a least-squares sens€dual to those of the individual components acting in
the coordinates of the node centers. However, the shapgeries. This procedure is described in reference 3. The
of such a paraboloid will only approximate that of the Masses of the joints and nodes were incorporated by
truss surface, and its focal length should not be expecte®!acing lumped-mass elements at the node center loca-
to match that of the true reflector surface. An additional tions. Other nonstructural mass that was required for test-
characteristic of the erectable truss is its “threefold” sym- Ing was included in a similar manner.
metry about theZ-axis (fig. 2(b)). As a consequence of

this symmetry, any 120segment of the truss (measured In addition to the simplified model just described,
in the X-Y plane) can be successively replicated and two more-refined models were used for evaluation of the

rotated twice to generate the entire truss geometry. truss structure. These models, discussed in reference 1,
included both extensional and bending properties.

Figure 3 shows the configuration of the tube, joints, Bending-stiffness properties for the joint-node combina-
and nodes in a typical test-bed strut assembly. Each nod&ons and struts are contained in reference 1. The refined
is a partial sphere with one large flat surface and ninemodels offer an advantage over the simplified model
strut attachment locations. The large flat surface is usedecause they can more accurately predict higher fre-
as a reference plane during node fabrication; after trusgquency truss vibration modes (ref. 1) that involve bend-
assembly, it facilitates the mounting of reflective panels ing of the individual struts. When other aspects of truss
or peripheral hardware. The joint assemblies werestructural performance were analyzed, including static
designed for stiffness, linear load-displacement behavior,deflection, surface accuracy, thermal distortion, and
and compatibility with on-orbit astronaut assembly. lower frequency vibration models, the simplified finite-
Table 2 is a summary of the important structural charac-element model yielded essentially the same predictions
teristics of the components shown in figure 3. Details as the refined models. Unless otherwise noted, analytical
concerning the truss geometry, the design of the nodesesults presented herein were obtained with the simpli-
and joints, and the method used to set the strut assenfied (no strut bending) model.
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Static Tests made up each triad. In figure 5, the DCDT'’s are labeled
D1 to D6, and the strain-gage triads are labeled S1 to S9.

Test Description The DCDT's had a full-scale displacement range of
. . . 0.05 in. with a maximum nonlinearity &0.00025 in. at
Figure shows a planform diagram of the experimen- full scale

tal setup used for truss static testing. The truss was sup-

ported at three nodes on the convex truss surface (solid Because of limitations on available instrumentation
circles). The truss was bolted to three mounting fixturesand data acquisition, data were collected in only one of
(fig. 5(b)), which were bolted to a large steel table (10 ft the three truss regions during each loading sequence.
by 4 ft by 2 ft) that weighed approximately 13000 Ib. It Therefore, obtaining data for the complete truss required
was intended that this support system achieve a good series of three loading sequences, defined herein as a
approximation to clamped boundary conditions at the single test. Three static-load tests were conducted, each
three support nodes. The steel table was used to miniof which consisted of instrumenting and collecting data
mize motion of the support points during static and sequentially in all three truss regions. Thus, in each test,
dynamic testing. The location and size of the table with 18 displacement measurements and 27 axial-strain mea-
respect to the truss are indicated in figure 5(a). surements were taken. Tests 1 and 2 involved the com-
plete truss. For test 3, the six struts indicated in figure 5

The support system used for the tests reported Nyvere removed so that the effect of reduced truss redun-

reference 1 consisted of three trunnion mounts : : ; f
. ) . dancy on static deflection and structural predictability
(fig. 5(b)). The trunnions were bolted to a lighter could be examined.

(9000 Ib) table than that used for the present tests. The
four clevis bolts remained loose until just before each

test, so the trunnion pins could rotate (about an axis per-
pendicular to the truss radius) to reduce preloading of the  Figure 8 is a comparison of measured and predicted
structure that was caused by the mounting process or byiodal vertical displacements at the maximum loading
changes in ambient temperature. The clevis bolts werecondition of 100 Ibf at each truss corner node. Displace-
tightened immediately before each test. However, the ini-ment results for tests 1 and 2 are shown for each DCDT
tial static and dynamic tests revealed that these trunniorocation within each truss region. Also shown are the dis-
mounts exhibited noticeable flexibility (even after the placements predicted from finite-element analysis.

tightening of the clevis bolts) that could not be accurately Because of symmetry in geometry and loading, predicted
modeled or predicted by analysis. Therefore, for the testgdisplacements (and strains) for corresponding locations
reported herein, the trunnion mounts were replaced bywithin regions R1, R2, and R3 are the same.

the mounting fixtures shown in figure 5(b).

Results and Correlation With Analysis

The results of the second test were nearly identical to
The truss was statically loaded by applying vertical those of the first test. Deviations from predicted deflec-
(deadweight) loads that ranged from 20 Ibf to 100 Ibf, in tions ranged in magnitude from O to 0.0009 in. In relative
20-Ib increments, at the six “corner” nodes shown in terms, the largest deviations, about 16 percent in test 1
figure 5(a). Specially designed weight hangers (fig. 6) and 19 percent in test 2, occurred at DCDT location D6
were used to insure that the loads acted through then truss region R2. Relatively large deviations (>11 per-
spherical center of each node. cent for both tests) also occurred at node locations D5
and D6 in region R1. These results are similar to those
presented in reference 1, where maximum deviations of
approximately 14 percent were observed at locations D5
and D6 in region R1. The reason for the larger differ-

In each of the three truss regions (R1, R2, and R3 in
fig. 5(a)), six nodes were instrumented with direct-
current displacement transducers (DCDT’s), as shown in

figure 7, and nine struts were instrumented with strain- ences at these node locations is unknown. At all other

?:%gntsr_'ageséagsveva; fr?g\{[ﬁpeli?ctylcgotrtjssntgymtr?qgf t::zi_DCDT locations, the predicted displacements differed
€9 e Y Y from the measured displacements by 8 percent or less, a
tioned previously, R1, R2, and R3 represent nominally

. ) . -7 result that is also consistent with reference 1. In figure 9,
identical portions of the_tru_ss. R Rkl typical load-displacement curves are shown for test-1
gage locations shown in figure 5(a) were chosen tonode locations D1 and D2. In each static test, load-
322;23 t& :jr;feizgnneiiyl%mze(tg)/j L?Sepzgg;esn{naetatshugeg;h%isplacement response at all nodes was approximately
nodes. The strain-gage triads, which consisted of threeImear, and there was only slightly discernible hysteresis.

independent strain gages equally spaced around the strut A comparison of measured and predicted maximum
circumference, were located at the midlength of the nodal displacements for the truss with six struts removed
struts. The axial strain in a particular strut was computed(test 3) is shown in figure 10. For comparison, the corre-
as the average of the strains in the three strain gages thaponding predicted displacements for tests 1 and 2 (no
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struts removed) are also shown. In test 3, deviations fromtable, while measurements greater than predicted are on
predicted deflections ranged in magnitude from the other. However, figure 15 shows that the differences
0.0001 in. to 0.0040 in. Again, the largest differences in between measured and predicted strain magnitudes for
predicted displacements, 25.7 percent and 31.4 percenteach static test are, for the most part, randomly distrib-

occurred in region R1 at locations D5 and D6, respec-uted relative to the support table. This result is consistent
tively. At all other node locations, the differences with a table rotation, which would affect measurements

between predicted and measured displacements were lesx displacement but not strain.

than 14 percent, and nearly all differences greater than

10 percent occurred in truss region R1. Vibration Tests—Normal Modes

Figure 11 is a comparison of measured and predicted
strain magnitudes at maximum loading (tests 1 and 2).for
Deviations from predicted strain magnitudes ranged from
0.1x 10%in.fin. to 6.7x 10° in./in., and the greatest

This section describes three tests that were per-
med to characterize the dynamic response of the erect-
able support truss. Test 1 (ref. 1) consisted of a complete
qiff . 5 | ion S1 i ion R1 vibration test, wherein all 45 truss nodes were instru-

lfference was in test2 at location In region " mented and nodal accelerations were measured along

Figure 12 shows the test-1 load-strain response for Strut$y o orthogonal axes at each node. Test2 (a repeat of

S1 and S2 in region R1. These curves are typical and, Aest 1) was conducted with less instrumentation but with

ipdica_ted by the de}ta shown for S1, the degree of'non-a heavier table and improved truss support fixtures. The

. . %rimary purpose of test 2 was to isolate an anomalous
displacement measurements (fig. 9). In all tests, the mea: ; ;
sur?ad strain magnitudes Wer(egles)s B0 10_6 i mode that appeared in test 1. Finally, test 3 was con-

! .ducted to approximate a free-free truss boundary condi-
many struts, the strains were much smaller (e.g., see "Hon. The results of all three tests are presented and
Lorrelated with linear finite-element predictions. The
ﬁ)redicted frequencies in this section were obtained by
‘using a finite-element model (ref. 1), which included

strut bending. All dynamic analysis results were obtained

magnitude to the resolution of the strain gages and thu
have a relatively large uncertainty associated with them
Adding to this uncertainty was a difference in thermal-
expansion characteristics of the strain gages and th

hit trut h that a t t h y using linear finite-element models with the truss prop-
gﬁap Ite-epoxy Struts such that a temperature change Ol yiag |isted in table 2. Gravity preloading of the structure
1°F during a test could cause an apparent strain drift of

approximately6 x 10° was not included in any of the dynamic analyses.

Figure 13 shows strain measurements and predic-  Test 1 Description

tions for the truss with six struts removed (test 3). Differ- , )

ences between measured and predicted strains are greater [N this tesfthe truss was mounted by attaching the
than in tests 1 and 2. The results indicate that the reducthree convex-surface nodes (figs. 5(a) and 16) to the
tion in redundancy due to the removal of six struts trunnion mounts described in figure 5(b). The trunnion
degraded the predictability of truss structural perfor- Mounts were secured to a support table that was approxi-
mance. This degradation may have been caused by thg'ately 6 ft by 6 ft and weighed approximately 9000 Ib.
effects of node rotation and/or eccentric strut loading, ThiS Support table was smaller and lighter than the
which were not included in any of the analysis models. 13000-Ib rectangular table described in the section enti-
However, the large differences between measured andled “Static Tests.” Mode-shape results predicted from
predicted strains did not occur consistently in each trussinite-element analysis were used to locate two shakers
region (e.g., compare S2 in each region); therefore, the®" the structure at the nodes indicated in figure 16. The
differences could not be predicted by using a uniform shakers were attached to the structure at oblique orienta-
refinement of the analysis models. Time constraints ontions (fig. 17) to excite all the global structural modes of

testing did not allow further examination of these issues. iNtérest. The excitation signals consisted of burst random
signals with a frequency spectrum of 0 to 250 Hz. The

There is evidence that the static-test displacementtranslational acceleration response of the structure was
measurements were influenced by rotation of the measured at all 45 nodes of the upper and lower truss
13000-Ib table to which the truss was mounted. Forsurfaces along three orthogonal axes of the structure.
example, figure 14 shows the differences between mea-One of the triaxial accelerometers is shown in figure 18.
sured and predicted vertical displacements for each statido mount the accelerometers along the truss definition
test; the figure also indicates whether a particular mea-axes (fig. 2(b)), the flat face of each node was fitted with
sured displacement was less than or greater than prean aluminum wedge of the appropriate angle. The added
dicted. Measured displacements that are less thammass of these wedges was accounted for in all dynamic
predicted are generally located on one side of the supporanalyses.
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A data-acquisition system was used to acquire and  Test 3 Approximated Free-Free Vibration
process the frequency-response-function data in the fre-
guency range of 0 to 250 Hz. The SDRC I-DEAS Test™
software package (ref.4) was used to analyze the tes
data.

To approximate a free-free boundary condition, the
tructure was suspended from a crane by long cables.
his test was performed merely to supplement the fixed-
support tests—not to serve as a well-defined free-free
vibration study. Several frequency-response functions
Test 1 Results and Correlation With Analysis were measured in this configuration. Table 6 is a com-

. arison of test and analysis results for the first four
Predicted and measured frequency and mode-shapg,,qes of the approximate free-free configuration. Again,

_reslulés dare ri]resenéeo: in tables 3(a) and 3(b). ’ﬁ'soagreement between the analytical and experimental fre-
included are the modal assurance criterion (MAC) valueSqencies is good. and the MAC values indicate good

(ref. 4), which show the correlation between the deflec- mode-shape correlation.

tion patterns of two mode shapes (i.e., a MAC value of

1.0 indicates perfect correlation between predicted andSurface-Accuracy Tests—Photogrammetry

measured mode shapes). Finally, table 3(a) presents mea-

sured damping levels that are close to 1 percent of criti-  This section of the paper is a summary of the results

cal damping for each mode shape. of photogrammetric surveys that were used to character-

ize the truss surface. See the appendix for a more detailed

A comparison of test-1 and analysis results indicatesdescription of the procedures used to obtain these photo-

good correlation except for mode 3, which was not pre- grammetric measurements.

dicted by analysis. The MAC values of modes 6 and 7

are relatively low. Inspection of the experimental mode Test Description

shapes from test 1 indicated that the difference between

the analysis and test results may be caused by the flexi- Aftér the photogrammetric survey described in
bility of the trunnion support fixtures, which was not reference 1, two additional surveys of the upper truss sur-

accounted for in the finite-element model. This possibil- fac€ were performed. The additional surveys were con-
ity was investigated further in test 2. ducted with longer and more accurate reference scales to

verify results obtained in the first survey, in which a sin-

o gle, shorter scale was used. Also, the additional surveys
Test 2 Description were performed at different temperatures to determine
the thermal-expansion characteristics of the truss. The

To investigate the effects of the trunnion support fix- o .
tures (fig. 5(b)) on the dynamic behavior of the truss, _procedure for these surveys was similar to that described

test2 was conducted with the fixed-support fixtures ™ reference 1. Reflective targets with a diameter of

(fig. 5(b)) and the heavier support table that were usedo'l in. were centered on the flat surface of each upper-
for the tests described in the section “Static Tests.” Insurface node. A stationary elevated photogrammetric

retesting, only 15 of the 45 nodes were instrumented, anocatmterda vgastqtsed t(t)' protqgrapofllﬁit'he trus?, )[Nh'Ch was
only accelerations in the direction (vertical) were rotated about Its vertical axis In crements 1o pro-

vide 24 distinct perspectives. Figure 19 shows the cam-
measured. " )
era positioned above the truss, which rests on the large

steel table on which it was rotated.

Test 2 Results and Correlation With Analysis o ] ]
Finite-element analyses that included both gravita-

Mode 3 of the experimental data from testl tional and thermal truss distortions were performed to
(51.9 Hz) was not observed in test 2 (table 4) with the obtain target-coordinate predictions. Thermal distortions
redesigned support fixtures and heavier table. Thereforewere caused by a temperature change between assembly
it is concluded that this mode was caused by support-and testing of the truss. The truss was assembled at a
system flexibility and that the modified support fixtures temperature of 6%, while the photogrammetric surveys
effect a more nearly fixed boundary condition. Table 5 is reported in reference 1 and in this paper were performed
a comparison of the natural frequencies from test1,at temperatures of 72B (surveyl, ref. 1), 77°%
test 2, and the analysis model. It can be seen that thé¢survey 2), and 63 (survey 3). In reference 1, a toler-
dynamic response of the structure is predictable andance on individual strut lengths af0.0002 in. was
repeatable. The frequency values of test2 show goodassumed. Subsequently, a small number of length-setter
correlation with analysis, and the MAC values from repeatability tests indicated that strut-length tolerance
test 2 are slightly better than those from test1 for all was probably an order of magnitude greater (about
modes except mode 9, even though they are based on sig=0.002 in.). Recent adjustments to the length-setter hard-
nificantly fewer acceleration measurements. ware have reduced this tolerance considerably.



In surveys 2 and 3, a reference scale for each photostrut assembilies. In fact, the observed grand rms differ-
graph was established by placing two low-CTE graphite- ences (about 0.0025 in.) are consistent with the increased
epoxy tubes (about 131 in. long) in the field of view of strut tolerance (about0.002 in.) mentioned previously
the photogrammetric camera. In survey 1, which wasin this section. Other possible causes of the observed dif-
first reported in reference 1, only one relatively short ferences are uncertainties in the photogrammetric proce-
(about 75 in. long) reference scale was used. Prior to thedure itself and in the finite-element models used to
photogrammetric surveys, each 131-in. tube was config-determine the predicted truss shapes. However, the theo-
ured with colinear reflective targets similar to those cen- retical tolerance of the photogrammetric measurements
tered on the upper-surface truss nodes. The distancewas betweer0.0003 in. and-0.0006 in., and the impact
between reference-scale targets were measured indepef uncertainties in the finite-element-analysis models
dently with a laser interferometer. These measurementgdiscussed in detail at the end of this section) was rela-
provided the reference scale for the photogrammetrictively small. All three surveys show the grand rms differ-
surveys. Measurements from the photographs, along withence to be less than the PSR design goal of 0.004 in.
target-coordinate predictions from finite-element analy- )
ses, were used to assess the root-mean-square (rms) dif- 1he results of the three photogrammetric surveys

ference between the predicted and photographed targef/ere used to obtain an overall coefficient of thermal
locations. expansion for the truss by comparing as-measured with

as-predicted truss diameters as a function of survey tem-
Initial interferometry-based measurements of the perature. (See fig 21.) The figure shows truss diameters
reference scales made at LaRC differed by about 0.01 in(d1, d2, and d3), determined from the photogrammetric
from similar measurements made later with a coordinate-surveys, as a function of temperature. The slope of each
measuring machine at the Jet Propulsion Laboratoryline represents the measured rate of truss expansion with
(JPL). Investigation revealed that initial LaRC measure- temperature and, when divided by the truss diameter,
ments were in error because of a nonoptimum laser interroughly equates to the measured truss CTE. The pre-
ferometer measurement procedure. After modification of dicted truss diameter as a function of temperature is also
the procedure, additional reference-scale measurementshown. The measured rate of truss expansion with tem-
were made at LaRC and agreed well (within 0.0007 in.) perature (truss CTE), as determined from the average of
with the JPL measurements. These later measurementthe three experimental curves in figure 21, is about
were used to obtain the photogrammetric results pre-4.2x 10 /°F. This value differs from that predicted by

sented herein for surveys 2 and 3. analysis(4.6 x 10‘6/°F) by 8.5 percent. The CTE of the
graphite-epoxy portion of each tubular strut is
Results and Correlation With Analysis ~0.37x 10°%/°F; thus, the thermal expansion of the

) ) truss is largely driven by the high CTE (about
Figure 20 shows the rms differences between thej3 0x 10/°F) of the aluminum-joint hardware.

predicted and photogrammetrically measured target

coordinates. In the figure, an rms difference is shown for Because the surface-accuracy results shown in
each truss coordinate along with a “grand” rms differ- figure 20 were obtained by comparing (through a best-fit
ence that was obtained by considering all 81 coordinatecomputation) photogrammetric data to analytically pre-
differences (3 coordinates for each of 27 upper-surfacedicted truss shapes, a natural question arises about the
truss nodes) as statistical variables. The grand rms differsensitivity of the surface-accuracy results to inaccuracies
ence is defined by the photogrammetric system describedn the analytical model. Inaccuracies in the analytical
in the appendix and is obtained by using a six-parametemodel result in errors in the predicted target locations,
transformation (six rigid-body motions). Because the and thus degrade the rms best fit with the experimentally
grand rms difference is obtained by treating all 81 coor- measured target locations. This question was investi-
dinates as independent variables, it is possible for thegated by varying two of the analysis input parameters—
grand rms difference to be less than the rms differencethe strut modulu€ and the temperature differentd

for the individualX, Y, andZ coordinates. between the as-fabricated and as-measured truss.

The grand rms differences of surveys 2 and 3 are  The effect of varying these model input parameters
slightly smaller than those reported in reference 1 for on computed rms surface accuracy is shown in fig-
survey 1. This improvement is most likely caused by the ure 22 for photogrammetric survey 1 (Test temper-
use of two longer and more precisely measured referencature = 72.8F). The figure shows the sensitivity of the
scales. For surveys 2 and 3, the grand rms difference igrand rms difference between measured and predicted
approximately 0.0025 in. The greatest contributors to thetarget coordinates to changes in model input valuei for
differences between predicted and measured target coorand AT. The nominal input values arg6.9x% 10° psi
dinates are probably errors in setting the lengths of thefor E and 3.68F for AT (obtained by subtracting the strut
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fabrication temperature of 88 from the test temperature reference 1. The results of all three surveys show that the
of 72.6'F). Figure 22 indicates that the rms difference is grand rms surface error is well within the design goal of
relatively insensitive to changes in the input modulus. 0.004 in. for the Precision Segmented Reflector program.
For example, if the input strut modulus used for analysisBased on the results of the surface-accuracy surveys, the
is reduced to 60 percent of the nominal value, the com-thermal expansion of the truss was consistent with the
puted grand rms difference decreases by only 1.8 percentoefficient of thermal expansion that was predicted by
(from about 0.00280 in. to about 0.00275 in.). The rms analysis. It was also shown that the surface-accuracy
difference is slightly more sensitive to the assumed tem-results that were obtained by comparing analytical and
perature differencAT. For example, reducing the input experimental results are relatively insensitive to analysis
value of AT from 3.6F to 2.2F (a reduction of input parameters.

40 percent) increases the grand rms difference by

6.7 percent (from 0.0028 in. to 0.0030in.). Therefore,  The experience gained from testing the truss yielded
errors in the assumed values BbandAT (or strut CTE)  several valuable lessons for the testing of future struc-
are not the primary factors responsible for the rms differ- tures. For example, a stable foundation is extremely

ences shown in figure 20. important for both static and dynamic testing. Although
_ the support table weighed 13000 Ib, it was not com-
Concluding Remarks pletely restrained. As a result, the response of the support

. table influenced both the static and dynamic test results.
Test procedures and experimental results that char y

teri first " doubl d . Results of initial dynamic testing (in which an un-
acterize a first-generation, doubly curved suppor .russpredicted mode was observed) emphasize the need for
for precision reflector applications have been described.

Static. dvnamic. and surface-aceuracy test results ha truss support fixtures whose behavior can be predicted
ic, dy IS, u uracy u V%lccurately. If extreme accuracy is needed, either detailed
been presented.

modeling of the support fixtures or complete testing of
The static-test results were in good agreement withthe truss in a better approximated free-free configuration
analytical predictions. The load-displacement responsemay be required.
of the truss was predictable and nearly linear. The load-
strain response of the truss struts was also predictable Photogrammetry is a valuable method for determin-
and repeatable. Although the strain response data exhibing truss-surface accuracy. However, for high precision,
ited some nonlinearity, the results verified basic struc- the photogrammetric procedure requires the application
tural performance and were reasonable, considering thef many reflective targets whose positions relative to the
low strain magnitudes that were measured. Static-testruss surface must be known with great accuracy. The
results for the truss with six struts removed were also indesign and fabrication of target holders that will place the
generally good agreement with analysis, but were not agarget centers at precisely knownY, andZ coordinates
predictable as for the complete truss. The static-test distepresent special challenges. The thickness and eccen-
placement results were biased by motion of the supporttricity of the targets themselves, and perhaps even the
table on which the truss was mounted. All static-test thickness of the masking material used to delineate the
results were also in good agreement with results pre-target boundaries, must be taken into account to predict
sented in reference 1; thus, the repeatability of the testmeasured target locations with the desired precision.
measurements was demonstrated. Also, the photogrammetric results are very sensitive to
the independently determined lengths of the reference

Dynamic test results correlated well with analysis ;
-~ o scales. To determine rms surface errors of a few thou-
and demonstrated repeatability. The results verified that

. o : sandths of an inch, it is necessary to determine the length
an unpredlcteq mode observed during initial testing (andof each reference scale with similar precision. Because of
first reported in ref. 1) was caused by the flexibility of

the t  svet E ; tallv determined f the length of the scaling tubes (about 11 ft), such precise
€ lruss support system. Experimentally determined Ive- o 55\, roments are difficult. This challenge is even

quedr!mtgs a?d an;gi sh;pe(sj agreed' Wet" ¥V'th fanalytlcag]reater for larger truss structures because they require
predictions for both fixed and approximate free-free sup- 5, o, longer reference scales.

port conditions. As expected, the truss exhibited a low

level of modal damping. These challenges aside, testing and analysis of the

The results of two photogrammetric surveys truss demonstrated a first-generation erectable truss
(surveys 2 and 3) indicated that the grand truss root-structure that exhibits linear and predictable structural
mean-square (rms) surface error is approximately performance. Surface-accuracy measurements verified
0.0025 in. This is about 10 percent smaller than the errorthe feasibility of such a structure for precision reflector
determined previously (survey 1) and reported in applications.



Appendix coordinatesx,y for each ofn targets are measured on
each ofm photographs, a system ah#projective equa-

Details of Photogrammetric Measurements tions results. Besides the 8nknowns X, Y, 3 for the
object-space coordinates of the targets, the projective

Convergent close-range photogrammetry was usedequations carry as unknowns tha étation parameters,

to measure the three-dimensional coordinates of a set ofhe 3 camera parameters, and the 5 additional parameters

high-contrast targets located on the upper-surface nodeg account for lens distortions.

of the test-bed truss for the Precision Segmented Reflec-

tor program. The data were obtained from full-coverage Network Simulation

metric-camera photographs of the target field taken from

24 different vantage points above the truss. The hardware  The STARS computer simulations were used to plan

and software used for the planning, execution, and analythe photogrammetric network that was required to

sis of the photographs are incorporated in a turnkeyachieve the desired measurement precision. Sound

photogrammetric system known as the Simultaneous Tri-Photogrammetric design practice suggests that the ratio

angulation and Resection System (STARS), a series oPf measurement precision to hardware tolerance be at

products developed and licensed by Geodetic Servicesleast 1:5, and preferably 1:10, to accommodate statistical
Inc. (GSI). fluctuations in the measurement results. The design toler-

] ) ) o ance for the truss components was assumed to be better

A brief overview of the photogrammetric principles than 1 mil, and the anticipated assembly tolerance for the
involved in these measurements is included in this 27 ynper-surface node centers was expected to be on the
appendix. For a more rigorous discussion of the theory,grder of 3 mils. Therefore, a network measurement preci-
equations, hardware, and software of STARS, seegjon goal of 0.0003in. to 0.0006 in. was desired. The
references 5 and 6. STARS computer simulations predicted that this mea-

All photogrammetry is based on a simple pair of Surement precision could be attained by using 24 equally
equations, herein called the projective equations. TheséPaced camera stations that were located on a circle cen-
equations relate the two-dimensional, as-measuegd, tered 13ft above the truss center. Sufficient data to
coordinates of the target images to the corresponding@SSure camera self-calibration could be attained by incre-
three-dimensional object-space coordinabésy({ 2) of menting the lens roll angle 4%or each camera station.
the actual targets. This relationship is expressed in term& redicted precisions for the recovery of camera and sta-
of several constants, often referred to as the projectivet'on parameters, and for the recovered target coordinates,
parameters. The projective equations are derived fromVeére used to develop the complete plan for conduct of
geometrical optics on the basis of the fundamentalth® measurements.
assumptions that all target images lie in a common image
plane, and that the photographed target in object spacelargets
its image, and the center of projection of the lens lie on a

; . Threaded target mounts were installed in the
common straight line.

27 upper-surface nodes. Disks of retroreflective tape
For the case of a multistation, single-camera net-were affixed to the top of each target mount. The mounts,

work, the projective parameters for each station includewhen threaded into the nodes, were designed to center by

the X, Y, Z coordinates of the center of projection in Virtue of their machined shoulders and to seat squarely

object space and the three rotation angles that define thén the flat of the node when tightened. Prior to the

orientation of the axes of image space with respect tophotography, 24 additional secondary targets were

those of object space. The projective parameters for theplaced below the truss on the upper surface of the support

camera include the three coordinates of the center of proplate to provide the required geometric depth for

jection in image space. Lens distortions, while consid- strengthening the recovery of projective parameters dur-

ered as systematic errors, are dependent upon the targ#td the photogrammetric analysis of the data.

distances from the camera; therefore, they are best

modeled as parameters to be solved for in the projectivdPhotography

equations. Thus, five lens-distortion coefficients (three

radial and two decentering) are carried in the STARS Metric photography was accomplished by using a

adjustment as additional parameters to effect Camera{arge-format metric camera fitted with a 240-mm lens
self-calibration. cone focused to a distance of 119.4 ft at an aperture of

f/32. The camera was mounted on a heavy-duty pan-tilt
A pair of projective equations is generated for each tripod that was securely fastened to the platform safety
target image on each photograph. Therefore, if the imageailing of the high-lift device (fig. 19). The ability to



rotate the truss greatly simplified the metric-photography ture on the shape and size of the truss. For all three
procedure by eliminating the need to drive the high-lift measurements, a free-network iterative, least-squares
device around the truss for the required views. bundle adjustment with self-calibration was performed

on the data by using the STARS photogrammetric soft-
ware. In the free-network adjustment, the object-space

rol targets, but is iteratively established as a result of the
djustment so as to generate the covariance matrix of the
ntire set of triangulated coordinates with a minimum
ace (sum of diagonal elements). In this sense, the
coordinate-system is defined implicitly to produce results
For all photographs, retrotarget illumination was with the highest possible overall accuracy. Accordingly,
provided by a 200 W-sec battery-powered strobe lampall points participate equally in the definition of an
mounted to the camera at a distance of 10 in. from theobject-space coordinate-system to preserve the mean
lens. The truss was rotated in°liicrements about its  position, mean orientation, and mean scale of the net-
vertical axis to provide a different view to the camera for work with respect to the approximate starting values that
each station-photograph pair. Also, the camera wasare adopted for the coordinates of the targets. In essence,
rolled 45 about the lens axis to allow for camera self- the least-squares bundle adjustment adds seven addi-

graphs were taken at each of the 24 camera stations.
shutter speed of 1/125sec was used to expose th%
background-suppressed photograph, and the orientatiortlr
photograph was exposed for 10 sec.

calibration during analysis of the data. tional parameters, which define a unique scaled object-
space coordinate-system, to the number of unknowns

Film Reading that are carried in the projective equations.
After the film was processed, tley coordinates of The data for each measurement thus consisted of a

each target on each side of the data photographs wereystem of Bn projective equations to solve for
measured to a precision of QuBn by using an Autoset 3n+6m+ 3 projective parameters and 12 additional
monocomparator. For the first measurement, this wasparameters. Since there were 24 statioms 24) used to
accomplished in two stages. First, the targets from fourmeasure 60 targets £ 60), a total of 2880 equations
stations separated by 9@ere read in the semiautomatic were generated with only 339 unknowns. The STARS
mode. These data were then merged and, by using thbundle-adjustment software exploits this overdetermina-
design coordinates of the top nodes as control, a prelimition by using the method of least squares to extract from
nary resection was completed to recover improved esti-the entire set of projective equations a reduced set of
mates of the station parameters for each of the fourequations (the normal equations) that lead to results with
selected stations. The initial three-dimensional coordi-the greatest possible accuracy. While the unknown
nates for each target were then generated by a prelimiparameters are determined from the solution of the nor-
nary triangulation. The second stage utilized the mal equations, the square roots of the diagonal elements
automatic-resection-driveback feature of Autoset to com-of the inverse of the coefficient matrix of the normal
plete observation of the remaining data frames. Theequations provide the corresponding standard errors.
image coordinates for each data frame were preprocessed

to correct for systematic errors that were introduced by photogrammetric Results

film distortion and the calibration function of the Autoset

comparator. For the succeeding measurements, film  Free-network adjustment results, while approximat-
observations were made by using the Autoset automaticing the sense and scale of the preferred coordinate-
resection-driveback mode only, since approximate coor-system, are obtained in an arbitrary coordinate system.
dinates for all targets were known from the first Thus, to compare the measurement results with analyti-

measurement. cal predictions, a coordinate-system transformation is
first required. The STARS rigid-body transformation
Data Analysis module was used for this task. This transformation soft-

ware is used to perform the required translations,

Three sets of measurements were made on the trusgyations, and scaling (if desired) to best overlay, in a
at Langley Research Center. The objective of test 1 waggast-squares sense, the photogrammetric results with
to compare the shape of the as-assembled structure Wltgna|ytica| predictions.

its predicted shape. Tests2 and 3 were conducted to
repeat test 1 with two longer and more precisely mea- Independent scaling of each measurement was pro-
sured reference scales and to assess the effect of tempenrgided by including calibrated reference scales in the



camera field of view. For the first measurement Inclusion of the calibrated distances between scaling
(survey 1, ref. 1), a single 1-in-diameter graphite-epoxy targets into the STARS bundle adjustment resulted in siz-
tube, approximately 6 ft long and with retrotargets placed ing of the results for all measurements. Subsequent coor-
near each end, was taped to the upper surface of the trusiinate transformation allowed only three translations and
to serve as a reference scale. For surveys 2 and 3, twthree rotations of the measurement data; the scale was
scales, approximately 11 ft in length, were used. Thesenot allowed to adjust. For surveys 2 and 3, the scaling
longer scales were mounted to the truss support plate omlistances were corrected for test temperature by using the
standards to raise them slightly above the truss uppemeasured coefficient of thermal expansion of the
surface. They were targeted along their length andgraphite-epoxy reference scales. The ims precision
crossed at an angle, one just above the other. The purpoder upper-surface and scaling targets was 0.0002 in. in
of using two scales was to strengthen the statisticalX andY and 0.0003 in. iZ in all three surveys. This pre-
reliability of the scaling of the photogrammetric cision corresponds to a proportional accuracy of about
measurements. one part in 600000 of the truss diameter.
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Table 1. Summary of Truss Structural Tests

Static load

Vibration

Surface accuracy

a/ertical nodal displacements
(10 node locations)

aNormal modes and frequencies
(truss supported at three nodes)

3Photogrammetry survey
(one reference scal&;= 72.6°F)

Vertical nodal displacements
(18 node locations)

Normal modes and frequencies
(with redesigned support fixtures

Photogrammetry surveys
(two reference scale$;= 77.5F
and 63.0F)

Axial strut strain
(27 locations)

Approximated free-free vibration

Displacements and axial strains
(selected truss members remove

d)

3Results of these tests presented in reference 1.

Table 2. Truss Component Properties

(a) T300/5208 graphite-epoxy tube

outer diameter, IN. . ... 1.0
Wall thickness, IN. . ... e 0.0624
Density, DM/ . . ... 0.0576
Extensional modulus, pSi . ......... . x 118.9
Coefficient of thermal expansion, perdegF.................. -0.369x 10°°

(b) 7075 aluminum joint node
Joint mass, Ibm. . ... 0.4321
Node mass, Ibm . ... .. 0.2405
Jointlength, in.. ... . 13.094
Extensional stiffness (ModulusArea), Ibf . ........................ % .90°
Coefficient of thermal expansion, perdegF ...................... x 1BD
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Table 3. Analysis and Dynamic Test 1

ding

(a) Results
Analysis frequency, Hg Test 1 frequency] Test 1 damping MAC

Mode (@) Hz (percent of critical) (test 1 analysis) Description

1 35.04 34.5 1.35 0.96 Rocking

2 35.05 35.6 1.19 0.95 Rocking

3 (b) 51.9 1.73 (b) (b)

4 59.73 57.3 1.45 0.98 Torsion

5 73.31 78.1 1.15 0.98 Umbrella

6 92.26 96.6 0.97 0.83 Saddle

7 92.33 97.3 111 0.62 Saddle

8 120.84 123.7 1.01 0.94 Radial flutes

9 125.75 129.0 0.89 0.85 Rocking and truss ben
10 126.90 130.1 0.84 0.87 Rocking and truss ben

ding

8analysis frequencies obtained by using refined analysis model with strut bending effects (ref. 1).
bNot predicted by finite-element model.

(b) Mode shapes

Mode Test 1 Analysis Mode Test 1 Analysis
® ®) ) ®
1 /@ /@ s | X0 X0
® ®
) )
) ©) © @
*) *)
? \ ’ % S
@aN e K
) O
s o/ o | Y | 48
x \Y
®)
4 9 & GXQ
o o © ®
s .y o
O
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Table 4. Analysis and Dynamic Test-2 Results

Analysis frequency, Hg Test 2 frequency] Test 2 damping MAC
Mode (@) Hz (percent of critical) (test 2 analysig Description
1 35.04 36.4 1.06 1.00 Rocking
2 35.05 37.3 1.08 1.00 Rocking
3 59.73 64.5 0.99 0.99 Torsion
4 73.31 80.1 1.09 1.00 Umbrella
5 92.26 96.6 0.97 0.98 Saddle
6 92.33 96.8 0.98 0.99 Saddle
7 120.84 124.0 0.98 1.00 Radial flutes
8 125.75 133.4 0.89 0.90 Rocking and truss benfing
9 126.90 136.5 0.90 0.63 Rocking and truss benfing

14

8Analysis frequencies obtained by using refined analysis model with strut bending effects (ref. 1).

Table 5. Natural Frequencies for Analysis, Test 1, and Test 2 Results

Analysis frequency, Hz Test 1 frequency, Test 2 frequency,
Mode (a) Hz Hz
1 35.04 34.5 36.4
2 35.05 35.6 37.3
3 59.73 57.3 64.5
4 73.31 78.1 80.1
5 92.26 96.6 96.6
6 92.33 97.3 96.8
7 120.84 123.7 124.0
8 125.75 129.0 133.6
9 126.90 130.1 136.5

aanalysis frequencies obtained by using refined analysis model with strut bending effects (ref. 1).

Table 6. Analysis and Dynamic Test Results for Approximate Free-Free Truss Configuration

Analysis frequency, Hz| Test frequency, Test damping MAC
Mode €)) Hz (percent of critical) | (test analysis)
1 82.1 86.0 1.18 0.93
2 82.1 87.4 0.94 0.92
3 123.6 122.2 1.10 1.00
4 125.0 123.4 1.20 0.96

3Analysis frequencies obtained by using simplified analysis model with no strut bending effects (ref. 1).



Figure 1. Submillimeter astronomical observatory.
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(b) Schematic

Figure 2. Concluded.
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Figure 3. Configuration of strut, nodes, and joints in a typical strut assembly.
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l Applied load

L-89-13230
Figure 6. One of six weight hangers used to apply vertical loading.
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Figure 7. Direct-current displacement transducer (DCDT) used to measure vertical node displacement.
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Figure 9. Typical plots of nodal displacement as a function of load (test 1, truss region 1).
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Figure 11. Comparison of measured and predicted strain magnitudes at maximum load (tests 1 and 2).
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Figure 12. Typical plots of axial strain as a function of vertical load (test 1, truss region 1).
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Figure 17. One of two shakers used to excite structural modes.
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Figure 18. One of 45 triaxial accelerometers used to measure dynamic response.
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Figure 19. Truss and elevated photogrammetric camera.
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PSR design goal
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Figure 20. Root-mean-square differences between photogrammetrically measured and predicted target coordinates
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Figure 21. Measured and predicted truss diameters as a function of survey temperature.
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